A facile, robust approach to the synthesis of Fe 3 O 4 /rGO/TiO 2 nanocomposites is described. The synthesis involves two major steps: (1) preparation of Fe 3 O 4 /GO by an electrostatic self-assembly method; (2) deposition of TiO 2 on the surface of the Fe 3 O 4 /rGO nanocomposite via a hydrothermal method. The asprepared Fe 3 O 4 /rGO/TiO 2 photocatalyst exhibited an enhanced photocatalytic activity for the degradation of tetracycline hydrochloride (TC-HCl) over a wide pH range from 3.0 to 11.0. At optimal conditions, a 92.6% degradation rate of TC-HCl was achieved within 330 min. The enhanced photocatalytic activity could be ascribed to the synergistic effect of the photo-Fenton reaction and electron transportation of graphene. A possible photocatalytic mechanism for TC-HCl by the Fe 3 O 4 / rGO/TiO 2 nanocomposite and H 2 O 2 was proposed based on the quenching tests and liquid chromatography-mass spectrometry (LC-MS) analysis. Furthermore, a leaching test was also carried out and the result suggested that the leached iron from the reaction system was negligible and the catalyst still exhibited excellent photocatalytic activity after five reaction cycles, which clearly demonstrated that the Fe 3 O 4 /rGO/TiO 2 nanocomposite was reusable, excellently stable and highly effective.
Introduction
Recently, the widespread use and abuse of antibiotics, like tetracycline hydrochloride (TC-HCl), have aroused particular concern from scientists because of their extensive application to human beings, veterinary medicine, agriculture, aquaculture and planting.
1,2 As we all know that the excessive use of antibiotics may result in frequent detection of their residues in the environment because of their ineffective biological degradation, 3 which may lead to untreatable human disease. Besides, it is also a major concern that their persistent exposure to the environment may induce antibiotic-resistant genes. Currently, many methods, such as adsorption, 4 ion-exchange, 5 microbial degradation, 6 photocatalytic degradation, 7 electrolysis 8 and membrane ltration, 9 have been investigated for the removal of antibiotics. Among them, photocatalytic degradation was presented as an ideal method due to its high efficiency and low cost. However, the methodology is limited as most of the photocatalysts, such as TiO 2 , SnO 2 and ZnO, can only respond to UV irradiation, which accounts for only 4-5% of solar light. Among the semiconductor catalysts, TiO 2 remains one of the most promising photocatalyst candidates because of its easy availability, high oxidation efficiency, high photostability stability, nanotoxicity, chemical inertness, low cost and environmentally friendly nature. 10 However, the wide band gap ($3.2 eV) and intrinsic fast recombination of the photoexcited electron-holes of TiO 2 are big challenges to achieve higher photocatalytic efficiency and limits the TiO 2 application for large scale.
11 Recent years have witnessed a cornucopia toward the exploration of new TiO 2 photocatalyst. Up to now, numerous efforts, such as surface sensitization, 12 tuning the morphology, 13 noble metals or metal ions incorporation, 14 constructing heterojunctions 15 and transition metals and non-metals doping, 16 have been made to expand the photoresponse of TiO 2 catalyst into solar light and limit the recombination of photogenerated electron-hole pairs. As such, there is still an urgent need to explore a novel approach to remove antibiotics from aqueous solutions efficiently.
Impurities doping of TiO 2 (either cations or anions metals) and coupling TiO 2 with other semiconductors are the typical approaches to overcome the limitations of pure TiO 2 .
17
Recently, photo-Fenton has received particular concern over the decades for the treatment of wastewater. From this point of view, TiO 2 nanoparticle can be introduced into the Fenton system to make a magnetically separable photo-Fenton catalyst with enhanced visible-light driven photocatalytic activity. However, the Fe 3 O 4 nanoparticles are tend to aggregate and become large particles because of their strong anisotropic dipolar interactions, which may affect their dispersibility and specic properties, thus diminishing their activity. 18 Hence, there is an urgent need to solve the existing problem. Taken together, it is worthwhile to introduce an effective interlayer between TiO 2 and Fe 3 O 4 nanoparticles to maintain their special properties. Graphene has been demonstrated with unique atom-thick 2D structure, superior electron mobility, high specic surface area, excellent transparency, high chemical and electrochemical stability. As such, the graphene is attractive for photocatalyst carrier or promoter.
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Herein, we report a two-step process, an electrostatic selfassemble and hydrothermal method, to synthesis of Fe 3 O 4 / rGO/TiO 2 photocatalyst. The catalytic properties of the asprepared nanocomposite were further investigated in the discoloration and mineralization of TC-HCl in aqueous solution. The important operation variables, including initial solution pH, operation temperature, pollutant concentration and H 2 O 2 concentration were systematically investigated to nd the optimal operation conditions and provide guidance for the practical use of this catalyst. A possible photocatalytic mechanism for TC-HCl by Fe 3 O 4 /rGO/TiO 2 nanocomposites and H 2 O 2 was proposed based on the quenching tests and liquid chromatography-mass spectrometry (LC-MS) analysis.
Experimental section

Materials
The majority of the chemicals, including ferric chloride hexa-hydrated (FeCl 3 $6H 2 O), natural graphite ake, 3-aminopropyltrimethoxy-silane (APTMS) and tetrabutyl titanate (TBOT), were purchased from Aladdin Reagent Co., Ltd. (P. R. China), with their purity in analytical grade. The other chemical reagents were analytical grade and directly used as received. The tetracycline hydrochloride (TC-HCl) was bought from Aladdin Reagent Co., Ltd. (P. R. China). H 2 SO 4 and NaOH solutions were used for pH adjustment. The structure of the TC-HCl is illustrated below:
Synthesis of Fe 3 O 4 nanoparticles
Fe 3 O 4 nanoparticles were synthesized on the basis of a procedure reported previously. 20 In brief, 40 mL of ethylene glycol containing FeCl 3 $6H 2 O (1.35 g) was prepared under magnetic stirring. Then, predetermined amount of NaAc (3.6 g) and polyethylene glycol 4000 (1.0 g) were quickly added into the premixed clear solution. The mixture was kept stirring for another 30 min and then transformed in to a 100 mL Teon-lined stainless-steel autoclave, heated at 200 C for 10 h. Finally, the resultant solution was cooled down to room temperature naturally and then the precipitate was retrieved by centrifugation to give a black powder. The nal product was washed three times with ethanol and distilled water and dried at 60 C under vacuum. 
Characterization method
The morphology and structure of Fe 3 O 4 /rGO/TiO 2 nanocomposite were characterized by transmission electron microscopy (TEM, Tecnai F20, 200 kV). The SEM images and EDS mapping was taken by the scanning electron microscopy (SEM, JSM 6701F). The zeta potential measurement was performed by using a Malvern zetasizer (Zetasizer 2000). The crystallographic and chemical bond analysis of the prepared materials were acquired by the X-ray diffractometry (Rigaku Miniex XRD, Bruker) and Fourier transforms infrared spectroscopy (FTIR, VERTEX 33, Bruker). The X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra DLD) of the catalyst was obtained from an axis-ultra X-ray photoelectron spectrometer with monochromatized Al-Ka radiation. The N 2 adsorptiondesorption isotherms were recorded using the accelerated surface area porosimetry system (ASAP 2020, Micromeritics). The vibrating sample magnetometry (VSM, LAKESHORE-7304) was used to assess the magnetic property at room temperature. Raman spectroscopy (LabRAM Aramis, Germany) was carried out on the samples at room temperature using a 785 nm Nd-YAG laser excitation source.
Photocatalytic degradation of tetracycline hydrochloride (TC-HCl)
Visible light-driven photocatalytic activity of each sample was measured in terms of the degradation of tetracycline hydrochloride (TC-HCl, 20 mg L À1 ). In a typical experiment, a predetermined amount of Fe 3 O 4 /rGO/TiO 2 nanocomposite was suspended in 50 mL of TC-HCl solution (20 $ 120 mg L À1 ). The suspension was kept stirring for 30 min in darkness to reach adsorption-desorption equilibrium. Then the suspension was irradiated with a 150 W Xenon lamp which was located with a distance of 10 cm at side of the reaction solution. At the predetermined time intervals, the analytical samples were withdrawn from the solution and immediately centrifuged at 8000 rpm for 1 min, then analysed using a spectrophotometer (UV-1801) at 356 nm. In order to detect the active species during the photocatalytic reaction, benzoquinone (BQ), dimethylsulfoxide (DMSO), triethanolamine (TEOA), and isopropanol (IPA) were added into the TC-HCl suspension solution containing the 50% Fe 3 O 4 /rGO/ TiO 2 composites photocatalyst to trap superoxide radicals (cO 2 À ), e À , holes (h + ), and hydroxyl radicals (cOH), respectively. (Fig. 1i) , manifesting that the Fe 3 O 4 /rGO/TiO 2 nanocomposites have a core-shell structure rather than an alloy structure.
Results and discussion
Structural identication
24,25
To gain insight into the crystal structure of the as-prepared samples, X-ray diffraction patterns of Fe 3 (Fig. 2b) , the peak located at 583 cm À1 is attributed to stretching vibration of Ti-O-Ti bond, which is consistent with previous literature. 29 As can be seen from , respectively. It is worth noting that the saturation magnetization value of the nanocomposites decreased sharply aer coating with the TiO 2 or GO sheet, which are the non-magnetic nanocomposites content in the hybrids that reduce the magnetization. 26 However, the Fe 3 O 4 /rGO/TiO 2 still exhibited good magnetic properties that can ensure them be easily collected and recycled from aqueous solution by simply putting an external magnetic eld. The inset of Fig. 3a shows the attraction of the Fe 3 O 4 /rGO/TiO 2 nanoparticles to a commercial magnet in 1 min. The nanoparticles homogeneously dispersed in liquid could be easily collected by an external magnetic eld, which conformed their excellent superparamagnetic property. (Fig. 4b) , it is clear that the Raman peaks appear at 142, 195, 395, 516, and 639 cm À1 are ascribed to vibration modes of E g (1) , E g , B 1g , A 1g + B 1g , and E g (2) , respectively. 32, 33 The result is consistent with the XRD analysis. The specic surface areas of Fe 3 O 4 /GO and Fe 3 O 4 /rGO/TiO 2 hybrids were compared using Nitrogen adsorption-desorption measurements (Fig. 5) nanomaterials, the XPS measurement was carried out. As apparent from Fig. 6 , in the full XPS spectra of the samples, the presence of Fe 2p1, Fe 2p3, O 1s, Ti 2p, and C 1s can be ascertained. In Fig. 6b , the Ti 2p core levels can be deconvoluted to a doublet (Ti 2p 3/2 and Ti 2p 1/2 ). However, the binding energy increased compared to the former literatures. 34, 35 It may be caused by the interaction between Ti and the oxide functional groups of rGO, since the electronegativity of oxygen is higher than that of carbon. As for the C 1s peaks depicted in Fig. 6c catalyst toward TC-HCl. 37, 38 In this study, the effect of initial pH value, ranging from 3 to 11, on the degradation rate of TC-HCl was investigated. The initial pH of pollutant solution was changed by adding 1 M H 2 SO 4 or NaOH. As presented in Fig. 7a , the initial pH has a certain impact on TC-HCl removal. The degradation rate was achieved at 92.6% under pH 3. According to the pK a values of the TC-HCl, the TC-HCl mainly exists as cation (TC 3+ ) when the pH < 3.3. Meanwhile, the zeta potential of Fe 3 O 4 /rGO/TiO 2 was negative. The electrostatic interactions between the catalyst and the TC-HCl was much stronger, thus enhancing the degradation rate. However, the degradation rate decreased slightly with the increasing initial pH values of the solutions from 5-11, under which condition the molecular structure of the TC-HCl presence as the form of TCH
2AE
, TCH À , TC 2À rather than sole negative or positive particle. Besides, the release of cOH from the reaction system also has a close connection with the pH values. It is well known that the acidic environment is much more favorable for the produce of cOH from the reaction system, especially for the homogeneous Fenton system. Such a severe environment limits the application of the Fenton catalyst, and the as-prepared catalyst shows a high degradation rate under the neutral or alkaline environment, which can overcome the disadvantage of the homogeneous catalysis. . It is known that for the heterogeneous Fenton reaction the highly hydroxyl radicals, hence higher TC-HCl removal, are available at higher initial H 2 O 2 concentrations. Nevertheless, H 2 O 2 can also act as a hydroxyl radical scavenger as described in eqn (1) and (2), and can also take place the self-decomposition as described in eqn (3), so the further increase of the H 2 O 2 concentration cannot result in the signicant increase of hydroxyl radicals and the enhancement of the TC-HCl removal.
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HOc + H 2 O 2 / H 2 O + HO 2c (1) Fig. 7d shown the effect of temperature on the degradation rate of TC-HCl by Fe 3 O 4 /rGO/TiO 2 nanocomposite. It is obvious that temperature has a strong effect on the degradation rate of Fe 3 O 4 /rGO/TiO 2 nanocomposite. The degradation rate increased with increasing temperature from 60% at 20 C to 97% at 50 C, which may be caused by the reason that the higher temperature enhanced the reaction rate between H 2 O 2 and Fe 3 O 4 /rGO/TiO 2 nanocomposite, thus formationing more cOH to take part in the reaction.
3.2.2
The possible pathway of TC-HCl degradation. The intermediates of TC-HCl were investigated by HPLC-MS and the results were illustrated in Fig. 8 . The possible pathway is as follows (Fig. 9) . First, the TC-HCl molecular deprotonated and the resulting molecular ion with m/z ¼ 445 was found. Second, the electron-hole pairs were induced on the surface of Fe 3 O 4 / rGO/TiO 2 nanocomposite by the visible light irradiation, while the TC-HCl molecules in the solution (m/z ¼ 445) were adsorbed onto the surface of Fe 3 O 4 /rGO/TiO 2 , 40 and attacked by electrons or holes. In this process, various intermediates were formed as shown in Fig. 9 .
3.2.3 Stability and reusability of Fe 3 O 4 /rGO/TiO 2 nanocomposites. The stability is one of the important factors to assess the quality of the catalysts since the photocorrosion or photodissolution might occur on the photocatalyst surface in the photocatalytic process.
41 So we conducted a series of experiment to investigate the stability and reusability of the Fe 3 O 4 /rGO/TiO 2 nanocomposites. In the typical procedure of the stability experiment, the Fe 3 O 4 /rGO/TiO 2 nanocomposites was separated by centrifugation aer each cycle, dried at 60 C overnight and be used without further treatment. As apparent from Fig. 10a , the photocatalytic efficiency of Fe 3 O 4 /rGO/TiO 2 nanocomposites decreased slightly in the ve cycles, which could be ascribed to the following two reasons: (1) the photocorrosion of the Fe 3 O 4 /rGO/TiO 2 nanocomposites in the reaction system; (2) the TC-HCl strongly adsorbed on the surface of the catalysts and occupy the active sites, thus reducing the photocatalytic activity. In addition, the Fe leaching in the reaction system in the rst cycle is almost negligible (Fig. 10b) , which can get rid of the secondary wastes that caused in the traditional Fenton process. Furthermore, the XRD and FT-IR are also utilized to test its stability. The results are presented in Fig. 11 41, 42 In order to make sure the main active species responsible for TC-HCl degradation, a series of trapping experiments were carried out by adding some corresponding scavengers to the degradation system. Fig. 12 illustrates the results of trapping experiments over the Fe 3 O 4 /rGO/ TiO 2 photocatalyst reaction system. When 100 mM triethanolamine (TEOA) scavenger for h + is introduced into the reaction system, the degradation rate decreased slightly by 16% (entry b in Fig. 12 ) compared to the pristine reaction system without radical scavengers (entry a in Fig. 12) . Similarly, the degradation rate of TC-HCl is also declined by 28% (entry c in Fig. 12 ) when the iso-propanol (IPA), scavenger for cOH, is added into the system. However, the photocatalytic activity of Fe 3 O 4 /rGO/TiO 2 is signicantly inhibited when BQ (a quencher of cO 2 À ) or DMSO (a quencher of e À ) is introduced into the photocatalytic reaction system. From the above results, it can be concluded 
Proposed mechanism of photocatalysis with the photocatalyst
On the basis of the discussion of quenching test, the possible photocatalytic mechanism schemes of Fe 3 O 4 /rGO/TiO 2 is proposed, as depicted in Fig. 13 . When the Fe 3 O 4 /rGO/TiO 2 were subjected to visible light irradiation, the excitation of an electron from the valence band to the conduction band resulting the generation of electron (e À ) in the conduction band (CB) and holes (h + ) in the valence band (VB). 43 For Fe 3 O 4 /rGO/TiO 2 system, the electron (e À ) transferred to rGO sheet due to the excellent electrical conductivity of rGO, and then take part in the reduction reaction, thus inhibiting the recombination of the electron-hole pairs and making the electron transfer process more efficient. 44 Besides, the rGO could also transfer the photogenerated electron to the surface of Fe 3 
Conclusion
In conclusion, Fe 3 O 4 /rGO/TiO 2 photocatalyst was successfully synthesized by a simple two-step process, an electrostatic selfassemble and hydrothermal method. The uniform Fe 3 O 4 nanoparticles was rstly deposited on the surface of GO sheet through a facile electrostatic self-assembly method. photocatalyst shows superior activity in the neutral or alkaline environment. The enhanced catalytic activity of our catalyst is due to the synergistic effect of photo-Fenton reaction and electron transportation and conducting ability as a result of deposition of graphene. The products of TC-HCl degradation were identied by LC-MS and the possible pathway and mechanism of photocatalysis of the TC-HCl was proposed. The result reveals that the e À radicals and cO 2 À radicals should be the two main actives species during photocatalytic degradation of TCHCl by the Fe 3 O 4 /rGO/TiO 2 nanocomposites under visible light irradiation. In addition, the catalyst is reusable and shows efficiency up to 5 cycles. We believe the strategy in our work can provide insight into designing the novel photocatalysts for large-scale degradation of organic pollutants under visible light.
